The Arp2/3 complex mediates formation of complex cellular structures such as lamellipodia by nucleating branched actin filaments. Arp2/3-complex activity is precisely controlled by over a dozen regulators, yet the structural mechanism by which regulators interact with the complex is unknown. GMF is a recently discovered regulator of the Arp2/3 complex that can inhibit nucleation and disassemble branches. We solved the structure of the 240-kDa assembly of Mus musculus GMF and Bos taurus Arp2/3 complex and found that GMF binds the barbed end of Arp2, overlapping with the proposed binding site of WASP-family proteins. The structure suggests that GMF can bind branch junctions in the manner that cofilin binds filament sides, consistent with a modified cofilin-like mechanism for debranching by GMF. The GMF-Arp2 interface reveals how the ADF-H actin-binding domain in GMF is exploited to specifically recognize Arp2/3 complex and not actin.
a r t i c l e s
The actin-related protein (Arp) 2/3 complex, a seven-subunit 224-kDa ATPase, regulates the actin cytoskeleton by nucleating branched actin filaments in response to cellular signals. Branched actin networks created by the Arp2/3 complex drive processes such as endocytosis, lamellipodial protrusion, phagocytosis and intracellular motility of bacterial pathogens 1 . Numerous cellular activators and inhibitors modulate the activity of the complex, providing tight control over the dynamics of branched actin networks in vivo. Nucleation-promoting factors, or NPFs, directly bind the Arp2/3 complex and either actin monomers or filaments to switch on nucleation activity 2 . NPFs discovered to date include Wiskott-Aldrich syndrome protein (WASP)-family proteins, which bind actin monomers and the Arp2/3 complex, and cortactin, Abp1 and Pan1, which bind the Arp2/3 complex and actin filaments but not actin monomers [2] [3] [4] . In addition, several Arp2/3-complex regulators are known to directly or indirectly antagonize NPFs [5] [6] [7] [8] [9] [10] [11] [12] . Although some Arp2/3-complex regulators have been mutationally mapped to characterize their functionally relevant regions, little is known about surfaces of Arp2/3 that interact with regulators 13 . The limited structural information addressing how regulators bind the Arp2/3 complex has been an obstacle to understanding how the activity of the complex is controlled.
Glial maturation factor (GMF) is a recently reported Arp2/3-complex regulator from the actin depolymerization factor homology (ADF-H)-domain protein family 12, 14, 15 . Most ADF-H family members, including cofilin, twinfilin, Abp1 and drebrin, bind actin filaments or both monomers and filaments to directly regulate actin 16 . GMF, in contrast, does not bind actin but instead directly binds the Arp2/3 complex to exert its influence on the actin cytoskeleton 12, 14 . Both fission-and budding-yeast GMF have been shown to inhibit the nucleation activity of the Arp2/3 complex in vitro 12, 14 . Overexpression of GMF in yeast decreases the number of endocytic actin patches, actin networks nucleated by the Arp2/3 complex 17 , thus supporting a function for GMF in downregulating Arp2/3-complex activity in vivo. In addition to its inhibition of the complex, GMF was shown to disassemble branches nucleated by the Arp2/3 complex 12, 18 . Yeast cells treated with the actin-depolymerizing drug latrunculin show decreased rates of actin-patch disassembly when GMF is knocked out, thus supporting a role for GMF in turning over Arp2/3-nucleated actin networks in vivo 14 . Because the mode of interaction of GMF with the Arp2/3 complex is not known, the mechanisms by which GMF inhibits the complex or causes debranching are unclear.
We set out to determine the structural bases for GMF function by solving the crystal structure of GMFγ (hereafter referred to as GMF) bound to the Arp2/3 complex. The structure revealed that GMF binds the end of Arp2, using a binding mode similar to that of other ADF-H domains with actin monomers. Our results showed how the ADF-H domain of GMF has evolved to bind Arp2 and not actin, providing the structural foundation for understanding how biochemical functions inherent to other ADF-H-domain proteins, such as filament severing, could be co-opted to operate at branch junctions instead of at filament sides. The structure also indicated that GMF may compete with the WASP C region for binding to Arp2, explaining how GMFs can inhibit nucleation by the complex. Finally, GMF binding caused ordering of subdomains 1 and 2 of Arp2, thus providing new structural insights into how Arp2 senses the γ-phosphate of ATP to influence the stability of branch junctions.
RESULTS
Crystal structure of GMF bound to the Arp2/3 complex We cocrystallized bovine Arp2/3 complex with mouse GMFγ in the presence of ATP and calcium and collected X-ray diffraction data to 3.2-Å resolution. The data indexed as P6 5 , with unit-cell lengths of 231.5 × 231.5 × 109.7 Å. We used the structure of ligand-free Arp2/3 complex as a starting model to solve the phases by molecular importance of these contacts, mutation of Asp128 in GMF to lysine significantly decreased binding to the Arp2/3 complex (Fig. 2d) . Arg124, a residue conserved in most GMF sequences ( Supplementary  Fig. 3 ), also inserts into the interface, making a hydrogen bond with the backbone of Gln149. This interaction is also important for binding the Arp2/3 complex (Fig. 2d) and may be critical for specifying recognition of Arp2 over actin, as discussed below. In contrast, mutation of Arg81, a residue not at the interface, did not significantly influence binding (Fig. 2d) .
The long helix α3 in GMF forms the closest contact surface with Arp2, inserting into the front half of the hydrophobic groove between subdomains 1 and 3 in Arp2, referred to as the barbed-end groove. Met102, a residue conserved in GMF and other ADF-H-domain protein sequences, projects into the groove, contacting a hydrophobic face formed by Ile364, Val360, Leu361, Ala148 and Tyr147. These contacts are important for the interaction, as mutation of Met102 to alanine significantly decreased binding (Fig. 2d) . In comparison to its position in free GMF, the α3 helix rotates slightly to position Met102 into the groove (Supplementary Fig. 2 ). The barbed-end groove in actin is a hot spot for interactions with regulatory proteins, and several proteins, including WASP, twinfilin and gelsolin, insert a hydrophobic face of a helix into the groove to bind the barbed end of actin 25 . That GMF uses the same mechanism for interaction with Arp2 indicates that the barbed-end groove of Arp2 may also be a hot spot for interaction of regulatory proteins.
Contacts between GMF and ARPC1
Bound GMF buries 380 Å 2 of accessible surface area on ARPC1, contacting the outside (D) β-strand in β-propeller blade 3 (Fig. 3) .
Residues from the α2-β3 loop and the β4-α3 loop in GMF contribute to the interaction, with Glu63 and Gln65 from GMF forming Comparisons to unbound Arp2/3 complex reveal that Trp131 changes rotamers when GMF binds, thus allowing the favorable interactions described above and preventing a steric clash between Trp131 and Lys97 in GMF. A comparison of ARPC1 sequences from diverse species revealed that residues in the β3D strand are well conserved. In contrast, most of the residues in GMF that contact ARPC1 are not conserved (Supplementary Fig. 3 ). Structural differences at the ARPC1-GMF interface may underlie potential differences in the influence of GMFs from different species on the Arp2/3 complex.
GMF binding causes the ordering of subdomains 1 and 2 of Arp2
Comparisons to previously solved crystal structures of the Arp2/3 complex revealed that GMF binding did not change the overall position of the individual subunits in the complex. However, GMF binding caused subdomains 1 and 2 of Arp2 to become ordered, whereas in all previously solved crystal structures of the Arp2/3 complex, Arp2 is either partially or completely disordered 26 . We were able to build the entire Arp2 subunit except for residues 36-52 and 366-368, which remained disordered (Fig. 4a) . Subunits 1 and 2 of Arp2 are structurally very similar to the same subdomains in actin ( Fig. 2) and overlay with an overall r.m.s. deviation of 0.79 for Cα atoms. ATP and calcium are bound to the Arp2 cleft, and the P1 and P2 loops are closed around the phosphates of ATP, resembling structures of ATP-bound actin 26 . Previous experiments showed that hydrolysis of ATP by Arp2 occurs after branch formation and serves as a timer to regulate the disassembly of Arp2/3 complex-nucleated branches 27, 28 . The lack of a crystal structure of the entire Arp2 subunit precluded a structural understanding of how the nucleotide state could control branch stability. In actin, the γ-phosphate is sensed through conformational changes in the P1 loop, which are then amplified by a backbone-carbonyl flip in the nearby sensor loop 29 . Interactions between the γ-phosphate and the P1 loop keep the sensor loop flipped up, whereas dissociation of the phosphate allows the sensor loop to flip down. In ATP-bound Arp2, the γ-phosphate hydrogen-bonds to Thr15 in the P1 loop, and the sensor loop is switched to the up position (Fig. 4b) . These interactions are identical to interactions observed in ATP-bound actin and indicate that the sensor loop is structurally poised to sense loss of the γ-phosphate, as occurs in actin. These observations suggest that Arp2 and actin use a similar conformational relay mechanism to sense the γ-phosphate. Although it is currently unknown how the flip of the sensor loop could destabilize branches, recent experiments show that small-molecule inhibitors that change the conformation of the sensor loop in Arp3 may disrupt the lateral interaction between the Arp2 and Arp3 in the active state 30 . Changes in the position of the Arp2 sensor loop may use a similar mechanism to disrupt lateral interactions between Arp2 and the adjacent actin monomer in a daughter filament.
Conserved inserts in Arp3 may modulate GMF-Arp3 interaction
Our structure suggests that GMF exerts its regulatory control over the Arp2/3 complex through interactions with Arp2. Like Arp2 and actin, 
r t i c l e s
Arp3 has a hydrophobic barbed-end groove that could potentially interact with GMF. To determine how GMF preferentially binds Arp2, we overlaid Arp3 onto Arp2 in the GMF-bound-complex structure and examined the interface. Whereas many of the residues that contact GMF in Arp2 are conserved in Arp3, Arp3 has two critical regions that differ from Arp2. The first is an insertion within its actin core, the αD-β9 insert, which lengthens the αD-β9 loop and extends the αD helix by one turn (Fig. 5a) . The extended αD helix and the αD-β9 loop both clash with GMF in the model. In addition to this potential steric clash, two key interfacial residues in αD at the GMF-Arp2 interface, Tyr147 and Gly150, are alanine and tryptophan, respectively, in Arp3. The second critical difference is the C terminus of Arp3, which is longer than that in Arp2 and actin and contains a phenylalanine residue (Phe414) not present in Arp2 or actin. This residue pins the C terminus into the hydrophobic barbed-end groove, where it would clash with α3 of GMF bound to the barbed-end groove (Fig. 5b) . Although we cannot rule out the possibility that GMF binds Arp3 (ref. 18) , binding would require conformational changes expected to weaken binding. Notably, the αD-β9 insert and the C-terminal extension are present in all Arp3 sequences we examined ( Supplementary Fig. 5) , thus suggesting that Arp2 may provide the primary interaction surface for GMF from diverse species.
Molecular determinants of GMF specificity for Arp2 over actin
GMF is the only one of five classes of ADF-H-domain proteins that does not bind actin 16 . To determine the structural basis for this molecular discrimination by GMF, we compared the GMF-Arp2 interface to the twinfilin C-terminal ADF-H domain (twinfilin-C)-actin interface 20 . Twinfilin is unusual among the ADF-H-domain proteins in that it contains tandem ADF-H domains. However, the C-terminal ADF-H domain, which is the only ADF-H domain crystallized with actin to date, binds both monomeric and filamentous actin and thus provides a good model for understanding actin-ADFH interactions 20 .
Comparison of the structures of the two interfaces revealed that GMF specificity is achieved through matching of polar contacts at the interface and sliding of helix α3 in the barbed-end groove in the GMF-Arp2 interface, and this allows GMF to avoid clashing with ARPC1.
Matched polar contacts are evident in two key regions at the interface. Asp298 in the β5-α4 loop in twinfilin-C interacts with Arg147 in actin. GMF has an arginine (Arg124) in place of the aspartate, thus creating the potential for steric clash and electrostatic repulsion in a hypothetical GMF-actin interaction (Fig. 5c) . Residues at the N terminus of α3 also appear to be critical for specificity. The basicity of Arg269 in twinfilin is conserved in twinfilins and cofilin, and this residue forms a salt bridge with Glu334 in actin 20 . This interaction is not possible in a modeled GMF-actin interaction, because Arg269 in twinfilin-C is replaced by a glutamine (Gln101) in GMF, and Glu334 in actin is replaced with an arginine (Arg349) in Arp2. Together, these interactions explain the specificity of GMF for Arp2 and also suggest how ADF-H-domain proteins other than GMF can selectively bind actin over Arp2.
The proximity of ARPC1 to Arp2 in the assembled complex provides an additional level of specificity for the GMF-Arp2 interaction. When we overlaid actin from the twinfilin-C-actin structure with Arp2, twinfilin clashed with residues from β-strand 3D in ARPC1. To avoid this clash, GMF slides back in the barbed-end groove, away from ARPC1 (Fig. 5d) . Residues in the C-terminal end of the α3 helix specify this shifted binding register. In the twinfilin-C-actin a r t i c l e s interaction, a hydrogen bond between Lys276 (twinfilin-C) and Thr148 (actin) favors the twinfilin-actin register of the helix, in which the helix clashes with ARPC1. In Arp2, Thr148 is replaced by Leu152. The shift of GMF away from ARPC1 allows Leu152 in Arp2 to interact with the aliphatic portion of Lys108 and the amine moiety of Lys108 to form a salt bridge with Glu171 in Arp2. The sliding of GMF in the barbed-end groove has important implications for understanding how GMF regulates the Arp2/3 complex (described below).
GMF overlaps with the proposed C-binding site on Arp2
GMF inhibits Arp2/3-complex activity stimulated by the verprolinhomology, central, acidic (VCA) region of WASP-and Scar-family proteins 12, 14 . A simple model for inhibition is that GMF blocks activation by competing with CA within the VCA region for binding to the complex. Although neither of the two CA-binding sites on the complex is well characterized, cross-linking showed that one site spans Arp2 and ARPC1, with the C region contacting Arp2 and the A region contacting mainly ARPC1 (refs. 5,31) . Mutational analysis suggested that the C region forms an amphipathic helix, and sequence similarities between the V and C regions led to a model in which this helix fills the barbed-end grooves of Arp2 and Arp3 by using the same binding mode as in V binding to the barbed end of actin [32] [33] [34] . To determine whether GMF can directly disrupt CA-Arp2/3 complex interactions, we compared this model to the GMF-binding site on Arp2 (Fig. 6) . We found that the binding sites completely overlap, with the α3 helix of GMF and the C helix in CA superposing nearly perfectly in the barbed-end groove. The helices have opposite polarity: the C terminus of the α3 helix points away from ARPC1, whereas the C helix points toward it. Our analysis is consistent with biochemical experiments showing that VCA competes with GMF for binding to the Arp2/3 complex 14,18 and suggests a mechanism by which GMF may regulate the Arp2/3 complex.
Because mutational data show that much of the binding affinity of CA for the complex is mediated through interactions with A 35 , we next asked whether bound GMF overlaps with the A-binding site on ARPC1. Although the precise site of A on ARPC1 is not known, the surface area buried between ARPC1 and GMF is relatively small and leaves two major swaths of conserved surface residues on ARPC1 exposed (Fig. 6) . Within one swath is a group of conserved basic residues that may interact with acidic residues in A. Some of these basic residues, either alone or in combination, have been shown to be important for viability of budding yeast, thus corroborating their functional relevance 36 . Also in the conserved swaths are candidate hydrophobic residues that could potentially interact with the conserved tryptophan in the A region, which is important for the interaction of A with ARPC1 (refs. 31, 35) . Therefore, our structural analyses suggest that A may partially or fully engage ARPC1 even if GMF is bound to the complex. Additional biochemical and structural information will be required to evaluate the importance of this potential contact in the regulation of the complex by GMF.
A model of GMF at the branch junction
Budding-yeast and mouse GMFs have been reported to disassemble Arp2/3-nucleated branches 12, 18 . Unlike cofilin, which stimulates debranching indirectly though interactions with the mother filament of actin 37 , GMF is thought to directly bind the Arp2/3 complex at filament junctions to disassemble branches 12 . We modeled GMF bound at a branch junction to investigate how debranching might occur 38 . Superposition of Arp2 from the GMF-Arp2/3 cocrystal structure onto the EM reconstruction of a branch junction revealed that the GMF-binding site is accessible in the assembled branch (Fig. 7) . At the branch junction, GMF simultaneously contacts the barbed end of Arp2 and subdomains 1 and 2 of the adjacent actin monomer (subunit D2). The mode of binding is similar to the interaction of cofilin with adjacent subunits in an actin filament 21 , and this suggests that GMF may use a cofilin-like mechanism to sever the daughter filament at the branch junction. Consistent with this observation, recent mutational analysis of budding-yeast GMF shows that residues in the 'F-actin-binding' region of GMF are important for debranching 18 .
However, key differences between cofilin and GMF point to potential mechanistic differences. First, sliding of GMF in the barbed-end groove of Arp2, described above, moves GMF toward actin subunit D2, creating a steric clash between residues in GMF with subdomains 1 and 2 of subunit D2 (Figs. 5d and 7) . This suggests that binding of GMF might cause a change in the Arp2-D2 interface that could destabilize the junction. Because cofilin does not 'slide back' in the groove of actin, this change is likely to be distinct from cofilin-induced changes to actin filaments 21 . Second, the region of GMF that contacts actin subunit D2, termed the F-actin-binding region, is structurally distinct in GMF. It includes a short antiparallel β-sheet (β3′-β3″) between β3 and β4 not present in other ADF-H proteins (Fig. 7) . This region contains several conserved residues specific to GMF, including Asp79, Arg81, Ser83 and Pro85 (Supplementary Fig. 3 ). The β3-β4 loop region in cofilin directly contacts actin filaments and has been shown to contribute to actin-filament binding but contains a distinct set of residues 21, 23 (Supplementary Fig. 3 ). GMF-specific residues at npg a r t i c l e s the end of helix α1 and in the α1-β1 loop also contact subunit D2 in the branch model. Although this segment has not been mutationally probed in cofilin, it makes close contacts with the filament in an EM reconstruction of cofilin-bound filaments 21 . Together, these observations support a modified cofilin-like mechanism for GMFmediated disassembly of branch junctions.
GMF may block actin-monomer recruitment during activation
Comparison of the GMF-bound complex to the EM reconstruction of a branch junction revealed a potential structural impediment to activation when GMF is bound 38 . As noted above, GMF at the branch junction clashes with the actin monomer (D2) bound to the barbed end of Arp2 (Fig. 7) . This suggests that GMF may block longitudinal contacts with the actin monomer recruited by VCA to the barbed end of Arp2 during activation 39 , thus providing an additional level of regulation of the complex.
DISCUSSION
Diverse classes of Arp2/3-complex inhibitors target distinct steps in the branching nucleation pathway. Inhibitors such as coronin 5 , tropomyosin 8 , caldesmon 11 and EPLIN 7 exploit the requirement of the Arp2/3 complex to bind preexisting filaments to downregulate the nucleation reaction. These proteins bind actin filaments to block Arp2/3 complex-binding sites, thereby indirectly inhibiting the complex. Other inhibitors, such as the PDZ-BAR-domain protein Pick1, contain acidic regions that mimic the A region of VCA and directly compete with VCA for binding to the complex 10 . GMF may use a similar mechanism to block activator binding, targeting the C-binding site instead of A. However, a simple competition mechanism cannot fully explain the inhibition, because GMF binding is unlikely to block A-binding sites on ARPC1. We hypothesize that by displacing VCA from the C-binding site and sliding back in the barbed end groove, GMF may prevent proper positioning of VCA-recruited actin monomers at the barbed end of Arp2. Finally, we note that some Arp2/3-complex regulators, including small-molecule inhibitors CK-666 and CK-869, have been shown to directly target the activating conformational change in the Arp2/3 complex stimulated by VCA and actin monomers 30 . Averaged single-particle EM images suggest that GMF may block the movement of the complex into an activated conformation 18 . Although our structure does not provide an obvious mechanism by which GMF could block this step, without higher-resolution structures of the activated state we cannot rule out this possibility.
Our data show that GMF overlaps with the proposed C site on Arp2 but does not bind the proposed C site on Arp3. The ability of GMF to preferentially target Arp2 may have an important role in defining its influence on the complex and is consistent with the conserved structural features on Arp3 that may hinder GMF binding. Another Arp2/3 regulator, cortactin, specifically binds Arp3 where it competes with VCA 40 . However, instead of inhibiting WASP-induced activation of the complex, cortactin synergizes with WASP to markedly increase nucleation 41 . Determining precisely how the binding mode of a regulator influences its ability to modulate Arp2/3 activity will be critical for understanding not only the structural mechanism of activation but also the complex interplay between regulators in vitro and in vivo.
Arp2/3-nucleated branches dissociate on the timescale of minutes in vitro, but Arp2/3-medited networks turn over in seconds in vivo 42 . Debranching contributes to turnover in yeast actin patches and lamellipodia 14, 28 and may have a general role in remodeling dynamic actin networks. GMF, coronin1B and cofilin, three proteins reported to have debranching activity, each have a distinct mechanism that probably defines their function in a cellular context 37, 43 . Our data suggest that GMF targets branch junctions at the interface between Arp2 and the daughter filament, whereas cofilin and coronin1B bind actin filaments or both actin filaments and the Arp2/3 complex, respectively. These distinctions will influence how effectively each debrancher competes with actin-binding proteins that target and stabilize branch junctions, such as cortactin, or filament sides, such as tropomyosin 44, 45 . Understanding how the debranching activity of GMF and other debranchers is influenced by the cellular milieu of actin-binding proteins will be critical for understanding how actin-filament networks are turned over in vivo. Figure 7 Model of GMF bound to a branch junction. (a) Model of GMF (spheres) placed into EM branch-junction reconstruction by overlaying Arp2 from the GMF-Arp2/3 complex structure onto Arp2 from the EM branch-junction model 38 . Spheres in GMF are colored according to conservation (blue, most variable; cyan, variable; pink, high conservation; magenta, highest conservation) 47 . Actin subunits in the daughter filament are labeled D1 and D2. The approximate position of the mother filament is shaded gray, with the barbed end pointed out of the page. npg
